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Summary 

The immunogenic and antigenic determinants of a 
synthetic peptide and the corresponding antigenic 
determinants in the parent protein have been eluci- 
dated. Four determinants have been defined by 
reactivity of a large panel of antipeptide monoclonal 
antibodies with short, overlapping peptides (7-28 
amino acids), the immunizing peptide (36 amino 
acids), and the intact parent protein (the influenza 
virus hemagglutinin, HA). The majority of the anti- 
peptide antibodies that also react strongly with the 
intact protein recognize one specific nine amino acid 
sequence. This immunodominant peptide determi- 
nant is located in the subunit interface in the HA 
trimeric structure. The relative inaccessibility of this 
site implies that antibody binding to the protein is to 
a more unfolded HA conformation. This antigenic 
determinant differs from those previously described 
for the hemagglutinin and clearly demonstrates the 
ability of synthetic peptides to generate antibodies 
that interact with regions of the protein not immu- 
nogenic or generally accessible when the protein is 
the immunogen. 

Introduction 

Despite recent advances in molecular immunology, the 
detatleo cnemisiry of antigen-antibody union and a com- 
plete description of the exact structure of antigenic deter- 
minants of proteins remained unoetermined. Most of the 
. eany studies of antigenic determinants followed similar 
experimental protocols in which the reactivity of antibodies 
maoe to intaci protein structures was determined on de- 
natured and/or fragmented moiecutes (reviewed by 
Crumpton. 1974; Benjamin et al., 1984). These methods 
led to proposals for the complete antigenic structures of 
myoglobin {Atassi, 1975). hen egg white lysozyme (Atassi. 
1978). and a nearly complete antigenic structure of serum 
albumin (Atassi ei al.. 1979). These antigenic sites were 
identified as either continuous, comprised of short linear 
sequences, as in myoglobin, or. more frequently, discon- 
tinuous, comprised of residues separated in the amino 
acid sequence, as in lysozyme. However, more recent 
work with antisera to specific antigenic sites has chal- 
lenged the identification of these immunochemically de- 
fined antigenic structures (reviewed by Benjamin et al., 
1984). For example, Hurrel et al. (1978) reponed that goat 
antisera to soerm whale myoglobin were not at all inhibited 
by Deef myoglobin which should share the same determi- 



nant, residues 56-62. Also, goat antisera had vastly differ- 
ent affinities for pig and horse myoglobins with again, 
(oeniical seauences m previously reponed antigenic sites. 
56-62 and. 94-99. Similar experiments with myooiooin 
have been reponed by East et al. (1980). 

Recently monoclonal antibodies have been used to mao 
the antigenic areas of hen egg white lysozyme (Smith-Gill 
et al.. 1982) and sperm whaie myoglobin (Ber^ofsky et al, 
1982). For example, the major lysozyme antigenic site 
(epitooe) was proposed to include a region wfth dimen- 
sions of at least 13 x 6 x ISA which" was shared by 
lysozyrries of seven related galliform soecies and was also 
outsioe the previously suggested antigenic sites (Atassi. 
1978). 

A combination of three-dimensional structure analysis 
and virus neutralization studies has also been used to 
elucidate the immunogenic areas of a viral protein. X-ray 
structural determination of influenza virus' hemagglutinin 
(A/Aich(/2/68, H3 subtype) by Wilson et al. (1981) led to 
a proposal of four antibody-combining sites which were 
implicated in viral neutralization (Wiley et ai.. 1981). Varia- 
tion in amino acid sequence of field mutants from 1 968 to 
1979 (reviewed by Laver et al., 1980: Both et al.. 1983) 
and of variants selected in the -presence of monoclonal 
antibodies (Laver el ai.. 1979; Webster and Laver. 1980; 
Wiley el al.. 1984) led to proposals for the amino acids 
involved in antibody binding and estimations of the ap- 
proximate dimensions for two of the sites (Wiley et al., 
1981 . 1984). The antigenic structure of a different influenza 
virus subtype (HI , A/Puerto Rico/8/34) hemagglutinin was 
oetermined by mapping with monoclonal antibodies {Ga- 
lon et al.. 1982) and the antigenic sites were broadly 
consistent with those reponed for the H3 subtype (Wiley 
e: al.. I98l. 1984; Unoerwood. 1982; Daniels et aJ.. 1984). 

All the above approaches depend on defining antigenic 
determinants after immunization with the whole protein. 
Conseouently, it is difficult to localize precisely the anti- 
body-combining site and to define the exteni and number 
of ammo acids directly involved in antibody-antigen union. 
Changes m amino acids that alter antibody binding and 
soecificity may not always be easy to interpret in the 
context of complex structures. For example, changes in 
one region of the protein may in some circumstances alter 
the conformation of quite distant regions. 

The generation of antipeptide antibodies that have pre- 
determined sequence specificity would seem to offer an 
alternative approach to the problem of understanding the 
general nature and structure of antigenic determinants and 
antibody-antigen interaction. Extensive use of synthetic 
peptides has aemonstrated their ability to induce anti- 
bodies with predetermined sequence specificity that bind 
to almost any region of a protein (e.g.. Green et al., 1982) 
and recent studies have shown that a large percentage of 
monoclonal antibodies raised against synthetic peptides 
cross-react with the intact protein molecule (Niman et al.. 
1963). Such antibodies can define antigenic determinants 
in proteins in thai the antibodies bind to the intact protein 
as well as to tne synthetic peptide. Since the antibodies 



are not generated against the native protein, we refer to 
tne oeterminants as in a protein ratner than ol a protein 
The study of antigenic oeterminants in a protein oefined 
by aniipeotide antibooies differs trom the study of immu- 
nogenic determinants of proteins defined by immunization 
with the intact protein in that, as mentioned above the 
laner determinants are often more complex and frequently 
composed o( ammo acids from distant parts of the poly- 
peptide chain. This complexity makes these determinants 
less amenable to structural study. 

In the present report, the structure o( antigenic determi- 
nants in a protein has been determined bv using mono- 
clonal antibodies that bind to shon synthetic peptides and 
their cognate sequences in the intact folded protein Since 
some of the antibody oinding sites are essentially inacces- 
sible in the native tnmenc molecule, our data suggest that 
conformational changes in the protein may precede and/ 
or accompany antigen-antibooy union. This could imply 
either thai a conformational change is induced by antibody 
binding or that the antibody binds to a minor conforma- 
tional state of the protein. 

Illustrations of the location of these peptides in the A/ 
Aichi/2/68 (X:31) hemagglutinin structure Determined by 
Wilson et al. (1981) are presented. A new graphics pro- 
gram (Connolly, unpublished) is used to examine the 
location of these peptide sequences in the three-dimen- 
sional structure derived from the x-ray coordinates (Wilson, 
Skenel, and Wiley, unpublished data). This program ex- 
tends the color raster display of solvent-accessible sur- 
faces (Connolly, 1983a. 1983b). The new representation 
aJlows the surfaces to be interpreted easily by viewing a 
ball-and-stick model through Its translucent molecular sur- 
face. The chemical structure of the protein can then be 
viewed simultaneously with its accessible surface. 

Results 

Characteristics of Antipeptide Antibodies Selected 
for Peptide Binding Studies 

Monoclonal antibodies vAXh predetermined sequence 
specificity were generated by immunizing mice with a 
synthetic peptide coupled to the earner protein keyhole 
limpet hemocyanin. The synthetic peptide represents res- 
idues 75-1 10 in the HA1 chain of the H3 subtype X-47 (A/ 
Victona/3/75) hemagglutinin (Min Jou et al. 1980) when 
aligned with the H3 subtype X:3l (A/Aichi/2/68) sequence 
(Vemoeyen et aJ., 1980). Twenty-one different monoclonal 
antiboaies were raised as described in Niman et al (1983) 
The majonty of these antibodies (16 out of 21) cross- 
reacted strongly with X;47 influenza virus In enzyme-linked 
immunosorbent assays (ELISA). immunoprecipitation or 
Westem blots (Table 1). Five antibodies did not cross react 
in either EUSA or Immunoprecipitation. although two of 
these five did show cross reactivity under the more dena- 
tunng Western blot conditions (Niman et al 1983) Thus 
most of these 2l antibodies recoonized not only the 
peptide against which they were raised, but aiso the wnole 
virus. I he 18 antibodies were used to test funher cross 



reactivity with the entire bromelam-released hemaggutinin 
ano with a variety of smaller peptides to try to laentify a 
more specific recognition site. 

The Antipeptide Antibodies Cross-React with the 
Intact Hemagglutinin 

The majority of the antipeptide antibodies cross-reacted 
strongly with X:47 bromelain-reieased hemagglutinin (BHA) 
in EUSA. The titers for the binding of antibodies to intact 
protein were in the same range as those lor binding to the 
rntact peptide (Table i). Binding activity ,s expressed as 
amount oi antigen, serially diluted and fixed on microtiter 
plates, whicn gives half-maximal binding when a constant 
amount (-100 fmoies) of antibody is adoed. The binding 
of the different monoclonals to BHA ranged from 50 fmoies 
to >6000 fmoies and binding to the 36 amino acid parent 
synthetic peptide varied from 60 to 1700 fmoies. Thus the 
monoclonals varied by two logs in their binding profiles 
The antibodies that had weaker half-maximal binding also 
had lower maximal plateaus when recorded In EUSA 
These results confirmed earlier Identification of different 
reactivities of the antibodies with peptides and the virus 
by EUSA, immunoprecipitation. and Westem blots (Niman 
et al.. 1983). Hybridomas H23F10, H26CX)2 and H17B11 
cross-reacted with virus in EUSA or Western blots, but not 
in immunoprecipitation assays. Hybridomas H17D12 
H22F05, H17D09, and H16C08 had no detectable binding 
in any of these assays. The latter six hybridomas (i e 
excluding H23F10) had substaniia/ly lower maximal pla^ 
teaus and weaker half-maxima) binding in EUSA Some of 
the antibodies did appear to bind better to the intact protein 
than the free peptide (e. g., H19D03, Table i). although it 
IS difficult to quantitaie accurately the amount of each 
antigen bound to the microtiter plates. 

Chemical Identification of Antibody-Binding Sites 

I he precise chemical identification of the antibodvbinding 
sites is described in detail elsewhere (Niman et'al sub- 
mitted). The synthetic peptides that specify the binding 
sites (1-4) are shown In Figure 1. The binding activities of 
the hyoridomas are listed in Table 1. Analysis of the binding 
stuoies indicated that most of the monoclonal antibodies 
bind to a peptide with a sequence substantially shoner 
than the parent peptide. Several smaller, overlapping syn- 
thetic peptides further localized the sequences to which 
antibodies bound and showed binding titers approximately 
equivalent to that of the parent peptioe. 

Eight of the 18 monoclonals reacted with peptides 
confined to one short sequence of the parent molecule 
(lable 1, H23D02 through H26D08). The data indicate 
that these hyoridomas bind to residues In the 36 amino 
acid synthetic peptide that correspond to HAl residues 
98-106. This sequence (site 4) is identified not by binding 
to a single peptide with sequence 98-106. but by binding 
to a series of overiapping peptides (Table i. Figure i). The 
use of overiapping segments is necessary because peo- 
tioes of limited sequence length may not have all residues 
available for antibody binding wnen they are anacned to 
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mrcrotiter plates. Hence nested fragments around the 
binding site can specity the amino acids involved in anti- 
body-antigen binding. Three hybhdomas (H26CX)2. 
H22F05, and H17D12) also bind in this region but cannot 
be localized further than to the sequence 88-1 10. 

Three different antibodies can be localized in their bind- 
ing to sequences at the amino end of the parent peptide. 
These binding sues overiao and are ideniitied as site i . 



site 4. The remaining four monoclonals (H20F04, H17D09. 
H17B11. and H16808) have negligible or extremely low 
binding to any peptide shorter than the parent peptide and 
cannot be localized to any particular subsequence. 

A Model for the Structure of the Antigenic 
Determinants of the Synthetic Peptide 

Eleven out of 18 of the monoclonal antibodies recognize 
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one Of two main areas of the parent peptide. Three se- 
quences a;e around the amino terminus of the peptide 
(sites 1-3, residues 75-92) and one is near its cartDoxyl 
end {site 4. 96-106. Figure 1, Table 1). The data for these 
1 1 monocionaJs are consistent with a model in which the 
antigenic determinants consist of shon. linear seomenis 
of polypeptide chain. spatiaJiy separated from the other 
residues in the peptide. It is interesting to note that the 
conformation that these segments adopt in the native 
molecule has sties (2-4) each consisting of a sinoie stretch 
of exienoed cnain sanowiched between bends Fioure 2) 
Site 1 varies somewhat from this structure in that it contains 
two extended cnains connected by a bend at residue 80 
(rigure 2). Four of the antibodies cannot oe localized in 
binding studies to a short peptide and mav recoanize a 
more complex tertiary fold of the 36 amino acid Deoiide 

The immunodominant region, site 4. which corresponds 
to sequence 98-106 is shown on a model of the peptide 
75-110. in Figure 3. This antigenic determinant corre- 
sponos to no more than 25% of the totaJ amino acids in 
the sequence 75-1 10 and in the native conformation has 
an accessible surface area of 763 sq, A (24% of the totai) 
Similarly, site 2, residues 79-86. has an accessible surface 
area of 800 sq. a when calculated in the conformation it 
adopts in the native protein. The dimensions of sites 2 and 
4 are approximately 13 x 22 x 12A and 12 x 22 x 14A 
respectively. 

These structural renderings represent an idealized situ- 
ation for envisaging recognition by ant.booy in which both 
the free peptide and the intact protein can obtain the same 
conformation. The determination of the correctness of this 
or any other mode! must await further structural studies of 
the peptide and peptide-antibody complex. Whichever 
model turns out to be correct, it is aireaoy clear that tne 



majority of these antipeptide antibodies recognize deter- 
minants which are short, linear segments of the polypep- 
tide cnain and differ markedly from the assembled tooo- 
graphical determinants generaJly described for the anti- 
genic sites of proteins when the intact protein is the 
immunogen (Crumpton. 1974; Benjamin et al., 1984). In 
contrast, the four antibodies that cannot be localized in 
binding studies to a short peptide seoment may recognize 
determinants wnich more closely resemble complex as- 
sembled topographical sues. 

Location of the Synthetic Peptide in the Protein 

Analysis of the structure of the antioenic determinants of 
the synthetic peptide is at present, as stated above, 
hampered by uncertainty abut the conformation of the free 
peptide in solution. However, many of these difficulties are 
abrogated by analyzing the structure of the peotide and 
the sequences defining the antigenic determinants in the 
native protein. The antibodies have approximately eauiva- 
lent binding titers with the free peptide and intact protein 
(Table 1) and hence the antigenic determinants are shared 
by both. 

The location in the hemaggutinin molecule correspond- 
ing to the 36 amino acid chemically synthesized peptide 
IS central in the globular head region of the HA1 polypeo- 
tide chain (Figure 3. Wilson ei al., 1981). This peptide 
consists of six segments of extended polypeptide cnam 
connected by a series of bends. The amino and carboxyl 
ends of the chain contain three bends and a helix. The 
peptide contains residues whicn are either on the surface 
(75-83. 91-96), buned in the monomer (83-91. 97-99. 
108-1 10), or essentially inaccessible in the trimer interface 
(100-107) (Figure 4). When considered as pan of the 
native monomenc protein, the peptide has an accessible 
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Figure 2. Slereo Oraw»ng of tne a-Camon Trace of me X:31 Influenza Vnjs Hemagglutinin Monomef 

T>« KAl cnain is snown n caarx ttue. ana the HA2 cnam ts shovn in l.gm Wue. The amino and caft5oxy.iemi.nae of eacn cna.n ,s represenied by N ano C 
fesoecDvefy. The tocaion of rt^ sequence of ihe cf^emcaJfy synmesizeo oeotK^. residues 75- 110. .n tne nemaggmrnKi mo<ecule is snown .n yeilow wun 
seouences cofTesoor<3,r^ to snes 2 ano 4 shown tfi reo. Th,s fwc as witn Figures 3-7. was generateo using tr>e uxwOJisneo coordtnaies of Wilson Skenei 
af^c Wrfey (see aJso v/rison et aJ.. 1981). • ^ . 



su-'3ce area of 1293 sa. A (to a prooe of radius 3.0 A) the peottde .n the trimenc herTiaggtuiinm molecule (Figure 





residues 96-97 and 75 M ^'^^'^ ^^^^ 

accessible surface Th. .? J ' continuous belt of 
interface nm ToT p!. f trimer 
only .0 w^.^ mo, curs^^t^^^^^^ ^'^'^^^^''^'^ 
small protruding surfaces rStp-.c" 83 'S"^^^^^^^^^^^ 

Structure of the Antigenic De.emi.nants in the 

Chemical identification of th*> rocin, 
n/tion of the synthetic oeott,! h fn '"""'"^^ 
bodies <ogether^;ranaTys?ofSe?oLT°"°''°"'' 
nation Of the peptide in L ' L, °" ^""^ 
combined to <^eL;:X:sZZ^^^^^ ^^^^ 

pTp^eos Tor^r- -"d-' rf ; 



o.her,h?ee peoLT' ^= ' -P-^-'a.ive of the 

recSnSbTSSb^o^ir^^" ^^'^^ '° 
Site 1, Residues 7 5-86 

Site 2, Residues 79-86 
The soivent-accessible atoms for the residues 79 86 

Shlow fla^ suLT '^r''^^'"' °' '^^^^ ^^s-'^^es form a 
snaiiow flat surface with dimensions 9 x 17 x 5A fPinure 

SnSexcepn^ir^ '^'^ - 
Duned except for the sidechain of Asp 85 

Srte 3, Residues 83-92 

IS^; oTr!?rf '"'""'""^ """'^ ^''^^P' some of the 
a oms of residues at each end. The data (Table 1 ) suqaesi 

wSh anorox.^' , ^ ' "''"^P structure 
these three 'T x 9 x 8A. If more tnan 

these three res.oues are recognized, the antibody would 
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Figure 4. Slefeo Drawing of an o-CarDon Trace of ffie Hemagglutinin Trimef with the Soh/ent- Accessible Surface of the Pepttoe 7&-1 10 
The g*ot>ular heaos of the tnmef are snown ioo*ting oown t^€ 3-lotd axis, from the enc tunnesi trom the memctrane eno of the hemagglutinm moiecuie. The 
DeoiKse (75- 110) o-carDon trace (S snown in ye^tow wnn us sorvent access^bte surface feoresenieo by yeJtow oois. exceot lor the nvnunooomtnani seouence 
(98-106) of the oeotioe. wncn ts reoresented by reo oois. The seauence 98-106 has restoues accessible to a prooe the size of a water mrtecuie or smaJi 
tons, but ts inaccessible m thts confomiation to larger moiecuies such as immunoglooutins. 



have to bind to a more unfolded structure of the protein 
molecule, as the other residues are inaccessible in the 
native conformation. 
Site 4, Residues 98-106 

This sequence lies in'the trimer interface and has surface 
accessible only to small ligands for residues Tyr 100. Asp 
101. Pro 103, Asp 104. Tyr 105. and Ala lOs' (Figure 7). 
The peptide binding studies indicate that the binding can 
probably be localized to residues 100-106. These residues 
as with site 2 form a fairly flat, slightly convex surface, 
embedded in the rest of the protein sun'ace. with approxi- 
mate dimensions 16 x 15 x 7A. This peptide contains 
two prolines, two aspaaates. and three tyrosines and may 
be conformationally restncted as a result of the more 
limited torsional angles of proline residues. Unless the 
antibody hypervariable loops can protrude into the cavity 
in the trimer interface, the structure indicates that the 
sequence would be inaccessible in the trimer to antibody 
binding. Thus antibody binding is suggested to occur to a 
structure in which the hemagglutinin monomenc heads are 
exposed and wnich reoresents a conformation ditterent 
from the native hemagglutinin trimenc struciure. 



Discussion 

The study of reactivity of overlapping peptide fragments 
with a panel of monoclonal antibodies has identified se- 
quences within a 36 ammo acid peptide that are immuno- 
dominant in producing hyoridomas that react equivalently 
in ELISA binding studies with the intact hemagglutinin and 
virus. Thus an antigenic determinant, that is, the region of 
the molecule to which an antibody binds, can be identified 
not only for the synthetic peptide but also for the intact 
antigen. With caveats in mind about the uncertainty of the 
conformation of the free peptide (see Results), the question 
of which amino acids constitute an antigenic determinant 
and what is the nature of antibody-antigen union is ad- 
vanced by these results. 

One sequence of nine amino acids (96-106) is proposed 
to be immunodominant in producing antibodies against 
the 36 ammo acid peptide. The findings agree with those 
of Muller et al. (1982) in that our sequence is contained in 
the 98-108 peptide used by them to generate antibodies 
agarnsi the AyTexas/l/77 (H3 subtype) strain of influenza. 
Oniy ihree of the panel of antiboaies can be localized to 
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mao to a diHerent feoion (sites 1-3), Seven others react 
with the compiele peptide, or larger traoments. and pre- 
sumably are comprised of amino aods spatially separated 
on the sequence, as has been identified for antibody 
combining sues of intact protein antioens such as the 
hemaggiutinin (Wiley et al., I98l) and n'euram.nidase (Col- 
man ei al.. 1983) of influenza virus. 

The location of the anfgemc seauences are on the 
sunace. «n the trimer interface, or essentiallv buried -ven 
in the monomer. None of these sequences proirudes 
panicufarly from the surface ,n the native protein structure- 
they are presented as slightly convex surfaces comprised 
01 3-10 ammo aods surrounded by the rest of the protein 
(Figures 6 and 7). These s>mpie antigenic sites difler 
markedly from the complex nature of antibody-combining 
sites descrioed after immunization with the intact hemag- 



glutinin protein (Wiley ei al.. 1981) as well as other intact 
antigens (Crumpion. 1974; Benjamin et al.. 1984) 

It IS interesting to consider the nature of antioenic deter- 
minants in terms of what is known about aniigen-combin- 
ing sues of immunoglobulin molecules. The siruaure de- 
termination of myeloma proteins (reviewed by Amzel and 
Poliak. 1979). either of intact IgG molecules or fraoments 
such as Fao s. have shown the hypervariabie reqions to 
be located around a cleft at the distal ends of the molecule 
Binding studies with myeloma proteins have shown thai 
small ligands such as vitamin K (Amzel et al 1974) or 
phosphoiylcholine (Segal et al., 1974) pmd to antibodies 
in this region but occupy only a small ponion of the 
potential antigen-binding site. Characterization of the bind- 
ing sites of hybridoma antibodies specific for a(1-6) 
linked dextran showed that an antigen of about 5-7 hex- 



sr.r "^-^ ^' - ^^^^-^ «~ - a .as.e, Os.a. un„ H^,n„ng ^ , ^ sequence 75- no 
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coil of the fibrous stem of the tnmer. ^ °' ^^scues 73-78) which form the Stan of the inpie-co-iec 



OSes was complementary to the binding site of loA and 
igG antibodies (Sharon ei al.. 1982). However, tnese anti- 
oextran antibodies have been shown to differ in thei^ 
soecificities in that some antibodies bind to the non- 
reoucjng end of the dextran whereas others bind to the 
middle SIX hexoses(CisaretaL. 1975: Kabat 1978) These 
results have led to suggestions of different shapes of the 
anitgen-combjning sites as pockets (end-binding to dex- 
tran and McPc603 phosphorylcholine-binding antibodies) 
or lengthy grooves {six middle hexose-bindino antibodies) 
or Shallow grooves (Newm. menadione-binding antibodies) 
(see review by Davies and Metzger. 1983). Our calculation 
of the accessible surface of the pocket formed by the 
hypervanabte residues of Fab Newm (Amzel et aJ.. 1974) 
shows the potential binding surface to be 44 x 35* x 34 A 
in dimension with an area of 2400 sq. A. The antigenic 
determ-:-ants of the free peptide reported here have di- 
menstons in site 1 of 18 x 23 x 14A, in site 2 of 13 x 22 
X 12A. ,n site 3 of 29 x 13 x 1 1A. and in site 4 of 12 x 
fpln^^ ^^"^ with accessible surface areas in the protein 
Of 850-1160 sq. A. Thus peptide determinants of these 
oimens-ons would occupy a sizeable portion of the antigen- 
binaing site of the antibody molecule. 



Finally, and perhaps most importantly, the ELISA bindinc 
data presenteo in this paper suggest that antibodies can 
bind to a structure different from that of the native trimerrc 
antigen and consequently the protein may display confor- 
mational mobility ai least in local regions. Conformational 
changes affecting the quaternary structure of the hemao- 
giutinin moiecule have been identified previously. For ex- 
ample, such changes have been implicated in the fusion 
activity of the virus with the target membrane of the host 
ceil. Perturbation of the structure by low pH (pH 5 0-5.5. 
Skehel et ai.. 1982) results in a change in conformation 
such that the previously buned fusion peptide is extruoec. 
The molecule can then be cleaved with trypsin to obtain 
intact monomenc heads that have selectively modified 
antigenic activity (Daniels et al.. 1984). m addition, unless 
ammo acid substitutions affect distant regions in the mol- 
ecule, one of the proposed sites in the hemagolutinin lo 
which neutralizing antibodies against the intact "molecule 
bind (Site D. Wiley et al.. 1981) would require t>\ndinQ to 
residues in the tnmer interface and hence binding to a 
conformation different from that of the trimeric molecule 
Studies of aoomyoglobin and holomvooioom have aiso 
suggested that antibodies can bind lo alternative conior- 
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ations of proiein moiecules (Cmmoton. 1974). Upon 
faction with amibodies. brown holomyoglobin formed a 
' nite precipitate, suggesting that antigen-antibody union 
snitied the equilibrium toward a protein structure that 
o.xciuded the heme moiety. 

^ thorougn understanding of how antipeptide antibodies 
Dind to proteins will require further studies. The question 
oi whether antibodies induce conformational changes (or 
-rneit" the protein) or whether they bind to minor confor- 
rrations which the protein has access to m solution has 
still to be answered. Clearly, successful antibody binding 
,n EUSA on mtcrotiter plates indicates that under these 
conditions Doth the peptioe and protein can obtain con- 
iormaiions favorable for antibody-antigen union. To un- 
ijersiand the detailed chemistry of antibody-antigen union 
in solution, we need to measure binding constants of the 
antibodies with each of the peptides as well as with the 
intact protein. Preliminary results with peptide competition 
studies already indicate that even the short peptides {^9 
amino acids) can bind and displace the larger peptides in 
tmmunoprecipitation assays, although with lower efficiency 
(Bergmann and Wilson, unpublished data). 

The complete determination of the structure of peptide 
antioenic determinants awaits the determination not only 
oi the free peptide conformation but also of the conior* 
mation of the peptide and of the intact protein when 
complexed with such an antipeptide antibody. Such stud- 
ies, using x-ray crysiallographic methods and N.M.R. spec- 
troscopic techniques, are in progress here and in other 
taooratones. 

Experimental Procedure* 
Synme»t» of Peptides 

^eouoes were synthesized Dy me soJc-onase meinod (Merniieid. '.96^: 
H^nien et a).. 1980). using a Becuman Mooe! 990B oeoioe synir^sizei. 
A retyeseniairve symnesjs toi»ows. One gram (0.5 m£a aoprox.) ol N-ien- 
Dutoxyi-canxxiyi-amtno-acio resin was useo tn coniunction witn tne toUowing 
soecnain oroiecttng grouos: 0-Dromo-DenzYioxycarDonyt(tyTOSine ano ty- 
Sine). f-N-iosyi (argmme). 0-t>en2yl (giuiamic acid, asoanic acia. tnreontne. 
ano seftne) ana omuroonenyl (ntstioine) ana N-tormy( (iryDioonan). Pro- 
tecied arnino aciOs were recrystalitzed trom aooropnaie sofvents ano tnetr 
punty veniieo oy tnm layer cnfomatograony. The couOJings were camec 
oui with a lO-fola excess oi proiected amino acio ana oicylconexyt- 
caroooumoe. An eauimofar Quantity c< N-rtyoroxy-Denzouiazoie was adoed 
10 ine Dfoteciec asparagme and giutamme BOC-amirx> acK3s. witn di- 
metnyUormamtde as sofvent. All couplings were 99% complete as assayed 
by the picnc acta test. The dinrtrophenyl resK3ue was removed trom histtdme 
wiih mercaoiooenzene pror to hyorogen fluonoe (HF) cleavage. The pro- 
tected peptide polymers were men treateo wrth twtce their wetgm of aniso»e 
and 40 tmes thetr volume (reiatrve to weight) of annyorous HF for l hr at 
^•C. Atter removaJ of the HP with nitrogen, me residue was extracted three 
times witn ether (3 x 50 mJ) arva dned in vacuo. The resulting mixture of 
peotioe artd resm was extracted three times with 5% acetic acK3. tirtereo. 
and oned m vacuo. The amino acid ar^a^^s indicated that an tne peotioes 
had amro acw compositK>ns that were ±5% oi tneir theorencaJ values. 

The oeotK3es were synthesized accorotng to the ammo add seouer^ce 
ol XA7 iA/Vk:tona^^5) influenza virus hemaggtutinm predcted from :r>e 
nucieotoe seouence (Min Jou et al.. 1980). m tms oaoer. the seauence 
ntfrnoef conesoonos 10 the oreoKZied amino acto seauence of A/Atcni/2/ 
f8 (X 3n iVernoeven et ai.. 1930) and tne X 31 structure oetermmation ot 



PreparBtioo of Antipepbde Antit>odie» 

A peptKJe (75- 110) of HAl hemagglutinin was used lo immunize l29 ax+ 
mce as oescnoed (Niman et al.. 1983). Spleen cells were tuseo witn SP2/ 

0 myeKDfna celis with poiyethytene gfycoJ 1500 (Baker). The ceits were 
resuspenoeo with 400 ml of DolDecco's high giucose mmtmal e&sentaJ 
meoium coniajnirkg 10% feiaJ ca« serum, lOO hM nyixixanthine. 1.0 **M 
methotrexate and l6 uM tnymtoine ano p»ated into 30 miaotner plates ano 
grown as oescnped (Niman arx3 Eloer, 1980). The iB cell lines proauced 
are those previousiy oescnped (Niman et al.. 1963). 

Antjt>ody Binding Assays 

Reactrvfty of me hytDrtdomas was oeiermtned in enzvme-tmkea immurosor- 
Dent assays (ELISA). The antigen, diluted m pnosohaie'Dufterea saime (pH 
7 4), was oriea onto mtcrotiter piaies. fixed Dy methanol ano mcupateo with 
tissue culture supernatant as oescnoed (Niman ano Eloer. 19S2a). The 
microliter plates were morougniv wasnea and Dmomg was Detected oy 
aooition of raopit anti-mouse .-cnam (Ution) and toiloweo by a glucose 
oxioase-coniugaieo goal anti-raoDii anitsera (Niman and Elder. i932d). 

Excess goal anti-radpn anttsera was washea oti and me reactKxi was 
Developed oy adomg aBTS dye (Boehnnper. Mannneim) in tne presence 

01 otucose and horseradish peroxK3ase (Niman ano Eloer. l9S2a). The 
plates were read in a Titenek Muinskan at A4i 4 and tne vaiues presented 
as the amount of ant»gen at wnicn 50% of me aniipooy was Pound. 

Correlation ot Peptide Antigenic Sites with Hemagglutinin 
Structure 

The x-ray structure on which the analysis of the location of pepudes and 
their cognate structure in the miact Hong Kong i968 nemagguiinin was as 
Determined by WHson et al. (1981). Previously descnpeo neutraJizing ant.- 
genpc oeierminanis were as proposed by Wiley et ai. (I98l) and Dan«is et 
ai. (1984). The coordmaies for the analysis were provioeo oy Wilson. 
Sket)ei, and Wiley (unpublished data). Computer analysis of the peotioe 
and protein structure was penormed on a DEC VAX 1 1/750 ano asoiayed 
on an Evans ano Sutnenano color Mutti-Pclure System. The structure 
reoreseniaiions were pnotograoned oirectiy from the Picture System using 
the GRAMPS (O'Oonneil and Oison. l98l) and GRANNY (Connoity ana 
Olson, suomitted) and MS (Connolly. i983a.- i9&3b) programs. Tt^ raster 
images were created Dy sotvent accessioie sunace programs (Connolly. 
1963a. 1963&) witn recent enhancements (ConnoHy. unpuolisned) and 
Displayed on an AED 767 trame-outter raster display. 

Acknowledgments 

We are gratetul lo Diane Scnioeoer ano Brian Heiiman tor excellent tecnmca) 
assistance, We thank Dr Jonn Skenei for provioing punuea tyomeiam- 
reieasea hemagglutinin ol X:4 7. 1. A. W. acknowieoges tne vaiuaote contn- 
Puion Ol his colleagues Dr. Don C. Wiley of Harvard Umversrry ana Dr. 
Jonn J. Skehei of the National instrtuie tor MeatcaJ Research. Mill Hill. 
Lorwon. tor the unpuoiished x-ray cooromates useo m mts anarysis. We 
tnanh Dr. James Hogie for helpful oiscussions. and Dan Man and Ann 
McDonald tor assistance m manuscnoi preparation. Suppon is acxnowt- 
eogeo from National institutes of Health grants Al i9499-0i (I. A. w. and 
R. A. L.) and CA 25803 (R. A. L.). This is puWicaiion number 323 1 -MB from 
the Research institute ol Scnops Omc. 

The costs of publication ol this article were Defrayed m pan Dy the 
payment ol page charges. This anoe must therefore be nereoy marked 
•■aaverirser7)enr" m accoroance with 18 U.S.C. Section 1734 solefy to 
indcate this fact. 

Rece«ved January 3, 1984; revised March 9. 1984 
References 

Amzel. L. M.. and Poi)ak, R. J. (i979). The three-o^nensonaJ structure of 
fmmurxjgloouiins. Ann. Rev Bocnem. 45. 961-97 

Amzel. L. M.. Poiiak. R. J.. Saui. F . Varga. J. M.. ana RiCharas. F. (1974). 
The inree-oimensional structure of a compfmng reoion-toano comptex^of 
immunogfoPuiin New at 3 5A resolution. Proc Nai. Acad Sci. USA 7;. 
1 J27-id30 



•nvnunocnemicaJ anatomy ot a orotetn ana conclusions reiaung to anitgentc 
structures ot pcoietns immunocnemistry 12. 423-436. 
Aiassj. M. 2. (197B) Precise oeiermmaton o( tne enure anttgemc structure 
ot tysozvme: moiecutar leaiures o) oroiefn antigenic siructijres ana potentaJ 
of ■surtace-strmuiaiton synihesjs — a Doweriui new concept tor protein 
pirorng srtes. tmrnunocnemrsiry 7 5. 909-936. 

Aiassi. M, 2., Sakata. S.. K&zm. A. L. (1979). Localizanon ana vef.ficaion 
by synthesis o( Uve aniigentc snes of tx)vtne serum aioumm BK>cnem j 
? 73.327-331. 

Benjamin. D C„ BerzofsKy. J. A., Easl. I. J.. Gurd. F R. n.. Hannum. C. 
Leacn. S. J.. Margoiiasn. £,. Mtcr^ael. j. G.. Mnier, A.. Prager. £. M.. fletchien. 
M.. Sefcaa, E. E.. Smith-Giii. S. J.. Toad. P. £.. ana w'ltson. A. C. (1964). 
The anttgenc structure ol proteins: a reaopraisaJ Ann. Rev. Immunol. 2 m 
press 

Berzofsky. j. a., BuCKenmeyer. G. K.. Htcks. G.. Gurd, F. R. N.. Feiomann. 
R. J., and Minna. J. (1982). Topograonic anitgemc oeterm,nams recoomzeo 
oy monociona) aniipooies lo sperm wnaie myogioom j Bioi Chem" 257 
3189-3196. 

Bom. G. w.. Sieigh. M, j.. Cox, N. j., and KenoaJ. A. P. (1983). Ani>gen.c 
orm in influenza virus H3 haemaggiutmm from 1968 lo 1980: multipfe 
evoJuifonary pathways anc seouential amino acia changes at Key antigenic 
snes. J. Viroi. 4fl, 52-60. 

Caton. A. J.. Browntee. G. G.. Yeweil. J. W.. and Gemard. w. (1982). The 
anogenc stAJcture o( tne influenza virus A/PR/8^ hemaggluimrn (Hi 
subtype). Ceti 3). 417-427. 

Cisar. J.. Kaoal. £. A.. Domer. M. M.. and Liao. J. (1975). Binding propemes 
of iTTvnunogtoooiin combining sites spedfk: lor lernirnai or nonierminaJ 
antoenic determtnanis m oextran. J. £xo. Med. t^2. 435-459. 
C^man. P. M.. Vargnese. J. N.. and Laver. W. G. (19S3). Structure of the 
caiaMc and anbgemc sites in influenza virus neurammioase. Naajre 303 

41-44. 

Connolfy. M. L (l983a). Soivent-accesslWe surtaces of proteins and nucieic 
aocs. Science 221. 70S-713. 

Connowy. M. L. (1983&), AnalyiicaJ molecular surtace calculaiion. J Appi 
CrystaMogr. 76. 548-558. 

Crumpton. W. J. (1974). Protein antigens: the moJecuiar bases of anuge- 
nony and immunogeniciry. In The Antigens Ji. M. Seia. ed. (New Yorx: 
Acaoemc Press), pp. i-78. 

Danieis, R. S.. Douglas. A, R.. GonsaJves-Scarano. P., PaJu. G.. Skene!. J. 
J.. Bros^. Knossow. M.. Wilson. I. A., and Wiley. D. C. (1984). Antigenic 
siruciure of influenza virus haemaggiutinin. m The Ongtn of Panoemic 
Infuenza Viruses. Chu and W. G. Laver. eos. (Amsteraam: Elsevier), m 
press. 

Dav>es. 0. R.. and Metzger, H. (1983). Struciurai bas.s of antiboov function. 
Ann. Rev. Immunol. 1,87-117. 

East. I. J.. Todd. P. £.. and Leacn. S. J. (1980). On topograbhic antoenic 
aeiernimants m myoglocMn. Mol. Immunol. J 7, 519-525. 
Green. N.. Aiexanoer . H.. Qson. A.. Aiexanaer. $.. Shnnck. T. M.. SutcJitfe 
J. G.. and Lemer. R. A. (i982). Immunogenic structure of tne influenza 
virus hemagglutinin. Cefl 28. 477-487. 

Houghten. R. A.. Chang, w. C.. and U. C. H. (1980). Human B-endorph.n- 
synthesis and char act enzaton of ioomated and tntiated analogs Int J 
PepDoes Prot. Res. 76. 3i 1-320. 

Hurrefl. J. G. R.. Smith. J. A.. Todd. P. £.. and Leach. S. J. (1978). Cross 
reacovny between mammalian myogtobins: Itnea- vs. spanaf antigenic 
oetemnnants. Immunocnemistry 7 4, 283-268. 

Jackson. D. C. Murray. J. M.. Wh.te. D. O.. Fagan. C. N'.. and Tregear. G. 
W, (1982). Antigenic aciMty of a syntneiic peptide comprising tne 'loop* 
regoo ol influenza virus haemaggjuunm. Virology 120. 273-276. 
Kabat. E. A, (1978). The structural basis of antttxxSy comp^emen^an^ Adv 
Prot. Oem. 32. 1-75, • 

Laver. w G.. Air. G. M.. Webster. R. G.. Gemaro. W.. Waro. C W and 
Dopr>eide. T. A. (1979) Ant^enK; dnfi in type a nfiuenza virus: seoueoce 
differences m the haemaggiutm.n of Hong Kof>g (H3N2) vanants seiecieo 
with monooona/ hyDnooa\a antioootes. Viroiogy 98. 226-237 
Lavef. W G.. Air. G. M.. Dooneoe. T a., ano Ware. C w (i980). Am.no 



acid seouence changes m tne naemaggiutmin o( A/Hong Kong (H3N2) 
influenza vims aunng the perioo 1956-77. Nature 283. 454-457. 
Memlie^d. R. B. (i964). Solid phase peptide synthesis, ll. The synthesis of 
oraoyKintn. J. Am. Chem. Soc. 86. 304-305. 

Mm jou. W., Vemoeyen. M.. Devos. R.. Saman. E., Fang. R.. Huyteproeck. 
D.. Fiers, W.. TnrettaJl, G.. Bart>er. C. Carey. N.. and Emiage. S. (1980). 
Complete structure oi tne hemagglutinin gene (rom tne human influenza A/ 
Victona/3/75 (H3N2) strain as oetermmed from cloned DNA Cell ;9 653- 
696- 

Muier. G. M.. Shaoira. M., and Arnon. R. (i982). Anti-mfiuenza response 
achieved by immunization with a syninenc coniugaie Proc Nat Acad Sci 
USA 79. 569-573. 

N-man. H. L. anc Eloer. J. H (1980) Molecular dissection of Rauscner 
virus gp70 by usmg monoclonal anttooojes- localization of acouirea se- 
ouences oi related envetope gene recompmants. Proc, Nat Acad So 
USA 77, 452^-4528. 

Niman. H. L.. and Eloer. j. H, (l9S2a). StruciuraJ anaJysis of Rauscher virus 
9P70 using monocionaJ anirbootes: sites oi antigenicity ana oi5(E) linkage 
Virology 123. 167-205. 

Niman. H. L. and Eloer. J. H. f 1982b). mAos as probes of protem structure: 
mo*ecuiar drvers/ry among the envelope glycoproteins (gp70's) of ine 
munne retroviruses. In Monoclonal Antitxwies ano T Cell Products. 0. H 
Katz. ed. (Boca Raion. Florioa; CRC Press), pp. 2i-5l. 
Niman. H. L. Houghten. R. A.. Walkef. L. A.. Reisfeld. R. A.. Wilson, t. A.. 
Hogie. J. M.. and Lemer. R. A. (1983), Generation ol protem-reactive 
anttbootes by snort peptioes is an event of high Ireouency: implications for 
the structural basis of immune recognriion. Proc. Nat. Acad Sci USA SO 
4949-4953. 

Q-Donnell. T. J.. and Qson. A. J. (l98l). GRAMPS— a graphics lanouage 
interpreter tor real-time interactive, tnree-oimensional picture ednmg and 
animation. Computer Graphics 15. 133-142. 

Segal. D. M.. Padlan. E. A.. Cohen. G. H., Rudikotl. S.. Poner. M.. ano 
Da vies. D. R. (1974). Tne three-dimensional siruciure ol a phosphorylcno- 
iine-binding mouse immunogiooulin Fab and the nature ot the antigen 
binding site. Proc. Nat. Acad. Set. USA 7j. 4298-4302. 
Snaron. J.. Kaoat. £. A., and Momson. S. L. (1982). immunochemical 
cnaractenzaiion of otnamg sites o( hyonooma antioooies specific lor o(l — 
6) itnKeo oextran. Mol. Immunol. 7 9. 375-386. 

Skene!. J. j., Bayiey. P. M.. Brown. £. E.. Manin. S. R.. Waieriieid. M. D.. 
Whne. J. M.. Wilson. I. A., ana Witey. 0. C. (1982), Changes m the 
conformation of infuenza virus haemaggiutinm at the pH optimum ol virus- 
nr>eotatea memprane fusion. Proc. Nat. Acao. Sci. USA 79. 968-972, 
Smith-Gill. S. J.. Wilson. A. C. Poner. M.. Prager. E. M.. Feldmann. R. J.. 
and Mainnan. C. R. (1982). Mapping tne antigenic epitope tor a monoaonai 
antibody agajnst lysozyme. J. Immunol. 7 28. 314-322. 
UroehA^ood. P A, (1982). Mapping of antigenic changes m the haemaggiu- 
timn of Hong Kong influenza (K3N2) strains using a large pane^ of mono- 
cioaai antiisooies. J. Gen. Vtrol. 62. 153-169. 

Vemoeyen. M.. Fang. R.. Mm jou. w.. Ovos. R.. Huylebroeck. D.. Saman, 
and Fiers. w. (1980). Antigenic dirfr between the haemaggiutinm of the 
Hong Kong influenza strains A/Aicni/2/68 and A/Victona/3/75 Nature 286. 
771-776. 

Webster. R. G.. and Laver. W. G. fl980). Determination of the number of 
norKjvenaoping antigenic areas of Hong Kong (H3N2) influenza virus 
haemaggiutinm with monocionaJ antibodies and the selection of variants 
wtth potenuaJ epKjemoiogtcaJ Signif>cance. Virology 704. 139-148. 
Wiley. D. C Wilson. I. A., and Skenei. J. J. (1981). Structural Kientrf canon 
of the aniioooy-onoing srtes of Hoog Kor>g mfiuenza haemaggiutinm anc 
their nvoivemeni in antigenic vanaion. Nature 289. 373-378. 
Wiley. D. C. Wilson, t. A., and Skene*. J. j. (1964). The haemaggiutinm 
rT>emorar>€ giycoprotetn of influenza vrus. In BioiogicaJ Macromcecuies 
and Assempiies. Volume 1 . A. McPherson. ed. (New Yorx- John Wiley). DP 
299-336. 

Witson. I. A.. Wiley. D. C. ano Skerel. J. J. (1981). Structure ot 
haemaggiutinm memprane gfycoproietn of influenza virus at 3A resoiutior'. 
Nature 2es. 366-373 



